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Study importance questions
1.	What is already known about this subject? 
It is known that:
	Large individual differences exist in weight loss in response to calorie restriction in both humans and animals
	Genetic factors (heritability) may underlie these differences

2.	What does your study add?  
	Unlike most similar studies, the focus is on weight loss, not weight gain, which is crucial to tackle obesity in an already obese population.
The design of this study enables - for the first time - partitioning of the variation in calorie restriction induced weight loss into additive genetic, maternal effects during pregnancy and maternal effects during lactation.
	
ABSTRACT
Objective: An increased understanding of the factors influencing inter-individual variation in calorie restriction (CR) induced weight loss is necessary to combat the current obesity epidemic. Here we investigated the partitioning of the phenotypic variation in CR-induced weight loss. 
Methods: Two generations of male and female outbred MF1 mice raised by their biological mother or a foster mother were studied. Mice were exposed to 4 weeks of 30% CR when 6 months old. 
Results: Heritability was estimated at 0.43±0.12 for CR-induced changes in body mass and 0.24±0.10 for fat mass using mid-parent-offspring regressions. No significant relationships between weight loss in fathers or foster mothers and offspring were observed. Partitioning of phenotypic variance in weight loss using maximum likelihood modelling indicated 19±17% of the variation could be attributed to additive genetic effects, 8±14% to maternal effects during pregnancy, and <1% to maternal effects during lactation. A narrow-sense heritability around 0.50 was observed for ad libitum FI and general activity. 







Obesity is the result of an imbalance between energy intake and energy expenditure (1). Environmental factors, such as the availability of inexpensive energy-dense foods, and sedentary life styles, are correlated with increased rates of obesity in humans and other animals (2,3). However, not everybody becomes obese, despite living in common environments. This individual variability in the propensity to become obese may be related to an individual’s physiology and/or genotype i.e., some people develop obesity because their genetic make-up is such that they are more likely to adopt behaviours or have physiologies that result in a positive energy balance. Our understanding of the genetic factors influencing obesity has increased at a tremendous rate in recent years. For example, the heritabilities of obesity-related phenotypic traits in humans ranges from 0.40 to 0.70, (i.e., 40-70% of the phenotypic variation comprised of an underlying additive genetic component; (2-5)). Genome wide association studies, as well, have identified a number of genes associated with increased body mass (BM) and/or body mass index (6). The aetiology of obesity is not completely understood, but excessive accumulation of fat mass (FM) is probably due, in most cases, to an interaction between genetic factors and environmental conditions (2-4,7).
Given that obesity develops as a consequence of positive energy balance, a widely adopted strategy to attempt to reverse the situation is to reduce energy intake and increase energy expenditure, thereby creating a state of negative energy balance and, ultimately, cause weight (fat) loss. This strategy (i.e., dieting and exercise) is used in societies worldwide to promote weight loss, but with mixed success (human (8-10) and animal studies (11-13)). Knowledge about the factors that affect an individual’s response to dietary interventions will be crucial to establish individually tailored treatments for obesity.
Although a considerable amount of research has focused on the genetic and epigenetic factors that cause obesity (for current review see (14)), the roles of these factors in the variability in the responses to diet interventions have received less attention. Rikke et al. (12) studied various mouse strains and found that, under carefully controlled conditions of food intake (FI), mice exhibited a highly significant amount of genetic variation in their weight loss response to calorie restriction (CR)(12). However, in this study cross-fostering between strains was not performed and maternal effects during lactation and genetic effects were confounded. In addition, human twin studies have shown similarities in responses to dieting and overfeeding within, despite differences among, twin pairs (15,16). Again, such effects are confounded by shared environmental factors and maternal effects in pregnancy. In the present study we aimed to disentangle the importance of genetic and maternal effects on CR-induced weight loss in a strain (MF1) of outbred mice. MF1 mice vary considerably in their responses to CR and develop age-related obesity on standard low-fat laboratory diets (13). These mice therefore provide a suitable model to investigate variability in diet-induced weight loss when diet interventions are started at an older age.
We bred two generations of MF1 mice. Litter size was adjusted to 10 pups to ensure that all offspring were raised under similar environmental conditions. Previous work in this strain has indicated that female investment is responsive to litter size in lactation, with only a negligible impact of litter size in pregnancy (17). Pups were cross-fostered (i.e., half of the pups were raised by their biological mother and the other half were raised by a foster mother). Both parents and offspring were exposed to 30% CR at the age of 6 months. To test the hypothesis that CR-induced weight loss is a heritable trait mid-parent to offspring regressions were performed. Variations in weight loss were further analysed using animal models to gain a better understanding of variance partitioning between additive genetic effects and maternal effects during pregnancy and lactation. 
Methods 
Animals and housing
MF1 mice (Mus musculus, outbred strain, n=26 for each sex) were obtained from Harlan UK Ltd. (Oxon, UK) at 4 weeks of age. Mice were housed at 211C under a 12:12h light-dark cycle (lights off at 17:00h, with a “dawn/dusk” period of 20 min) in plastic cages (12x13x44cm) with sawdust and paper shreds for bedding and a red dome for enrichment. All animals were mated at 10 weeks of age (parental generation, F0). Males stayed with the females for 10 days after which both were individually housed in standard cages with ad libitum food (D12450B, 10% kcal fat, 18.24 kJ g-1, Research Diets, New Brunswick, USA) and water. Twenty-one out of 26 females gave birth (birthday defined as day 0 of lactation (18)) to 12.2±2.5 pups on average. On day 2, litter size was adjusted to 10 pups and cross-fostering took place so that all females raised 5 of their own pups and 5 pups from one unrelated female. In 3 cases this was not possible and females raised 4, 6 and 7 own offspring and 6, 4 and 3 fostered offspring respectively. At this time animals were also sexed to assure an equal sex ratio in each litter (i.e, 5 females and 5 males). The mean percentage of males in each litter at time of weaning was 51±8%. All pups were marked daily with animal identification pens (Vet Tech Solutions Ltd, Congleton, UK) to enable identification of pups from different mothers within each litter. Pups were weaned on day 22 of lactation and, from each litter, we kept 2 female and 2 male offspring (these included 1 female and 1 male pup from the biological mother and 1 female and 1 male fostered pup) that were housed in standard cages until they were mated as well (preventing mating of siblings) at 10 weeks of age (F1 generation). Thirty-three of 42 F1 females gave birth to 12.2±2.9 pups. Litter size was adjusted to 10 pups and cross-fostering took place as described above. One female from this group received offspring from two instead of one unrelated mother. Offspring from the F2 generation were not studied further.
All mice (parents, F0, n=52 and offspring, F1, n=84) were implanted intraperitoneally with temperature transmitters (PDT-4000 E-Mitter, Mini Mitter Company Inc., USA) under general anaesthesia (mixture of isoflurane and oxygen). Males were implanted at 14 weeks and females at 17-18 weeks of age at least 10 days after their litters had been weaned. All procedures concerning animal care and treatment were approved by the ethical committee for the use of experimental animals of the University of Aberdeen, and licensed by the UK Home Office (project licence: PPL 60/3606).
Experimental procedure
Baseline measurements started at the age 19-20 weeks (at least 12 days after surgery) and were taken over a period of 4 weeks (Day -28 to -1). During this time mice had ad libitum access to food and water. BM and FI were measured daily between 16:00-17:00 h. FI of all mice was then restricted to 70% of their individual baseline intake (mean daily FI in grams over the last week of baseline) for a period of 28 days (CR; Days 0-28). Food rations were weighed and delivered daily between 16:00 and 17:00h. BM loss was determined by calculating the difference in mean BM over the last week of baseline (Day -8 to -1) and the last week on CR (Day 21-28). Body temperature and general activity were measured in 1-min intervals throughout the protocol, and resting metabolic rate and body composition were measured once during baseline and once during the period of CR. For a detailed description see Supplementary Materials 1A.
Data analysis
All data were tested for normality using the Kolmogorov-Smirnov test in SPSS (V18) and, where necessary, data were log-transformed to obtain a normal distribution. 
Heritability is the relative contribution of genetic factors to phenotypic variation and was estimated by mid-parent-mid-biological offspring regression (19); i.e., a trait (e.g., % BM loss on CR) measured in parents (F0) is regressed against the same trait measured in their biological offspring (F1) independent of the mother who actually raised them in lactation. The slope of the mid-parent-offspring regression gives an indication of the heritability of the trait (20). To explore the contribution of individual parents, mother-biological offspring and father-biological offspring were performed. Data on BM loss was not available for two males that had to be terminated before the end of the experimental protocol reducing the sample size for father offspring regressions from 21 to 19. In addition, data on BM loss for one female was a statistical outlier and this data point was removed before final analysis reducing the sample size for mother-offspring regressions to 20, and resulting in a sample size for mid-parent to offspring regressions of 18. 
For offspring raised by a foster mother, regressions were performed with their biological mother or foster mother to explore the role of maternal and environmental effects during lactation on future responses to CR in these offspring. 
Heritability estimates attained using mid-parent-offspring regressions confound additive genetic and maternal effects during pregnancy. Therefore, variance components and heritabilities were also estimated using restricted maximum likelihood ‘animal models’ in ASREML 3.0 (21). For a detailed description of the procedure see Supplementary material 1B. 
Values are given as mean±SD unless stated otherwise. All tests were two-tailed and significance was set at p≤0.05.
Results
Variability in CR-induced BM and FM loss
BM loss in response to 30% CR varied considerably between individuals with a range between 1%-36% of initial BM, or 0.3-17.3g in absolute weight change. On average, BM dropped from 45.8±5.6g at baseline to 38.7±6.4g in the last week on CR, equating to a mean BM loss of 7.2±3.2g or 15.8±7.2%. FM dropped from 14.0±3.7g to 9.4±3.9g, equivalent to a mean loss of FM of 34±20%.
Mid-parent to offspring regressions
Mid-parent to offspring regressions
To determine the proportion of the phenotypic variation in weight loss that was due to genetic variation (i.e., heritability), mid-parent to offspring regressions were performed. The mean weight loss of parents (mother and father, n=18) was calculated and regressed against the mean weight loss in their offspring (2 male and 2 female: n=4). These mid-parent-offspring regressions revealed that there was a significant positive relationship between parents and offspring for BM loss (Figure 1A) and FM loss (Figure 1B); i.e., biological offspring of parents that were prone to CR-induced weight (and fat) loss, were prone to CR-induced weight loss themselves. The beta coefficients for the parent-offspring regressions performed are shown in Figure 1, and indicate that heritability of BM and FM loss in response to CR were 0.43±0.12 and 0.24±0.10 respectively (i.e., slope of the regression lines). 
Maternal and paternal effects
When performing mid-parent offspring regressions to estimate heritability it is assumed that both parents contribute equally, as both parents donate one set of nuclear DNA. To investigate the role of maternal and paternal effects, we performed parent-offspring regressions for mother and fathers separately (See Figure 2 for BM loss). These analyses showed a significant positive relationship between CR-induced BM (Figure 2A) and FM (y=0.24x+1.23, R2=0.26, p=0.025) loss between mothers and her offspring with similar heritability estimates as obtained in the mid-parent to offspring regressions (BM: h2=0.28±0.08, FM: h2=0.24±0.10), whereas the heritability estimates were very low for BM (Figure 2B, h2=0.04) and FM (y=0.05x+1.50, R2=0.05, p=0.38, h2=0.05) loss in fathers.    
	Repeating this analysis for sons and daughters separately, revealed a similar trend, i.e., BM loss of both sons and daughters showed a positive relationship to BM loss in their mothers (Sons: y=0.28x+0.74,  R2=0.28, p=0.016; Daughters: y=0.31x+0.59, R2=0.25, p=0.023), but not to BM loss in their fathers (Sons: y=0.02x+0.79,  R2=0.001, p=0.90; Daughters: y=-0.03x+0.96,  R2=0.002, p=0.88).
Maternal effects during lactation
The role of maternal effects during lactation was investigated by comparing regressions between fostered offspring and their biological or foster mothers (Figure 2C and 2D respectively). A significant relationship with high heritability estimate was found between fostered offspring and their biological mothers (Figure 2C, y=0.41x+0.80, R2=0.40, p=0.004, h2=0.41), but not with foster mothers (Figure 2D, (y=0.01x+1.24, R2=0.01, p=0.97, h2=0.01). 
Partitioning of variance
Restricted maximum likelihood ‘animal models’ were performed for BM and FM loss in order to gain additional insight into the partitioning of the variance in CR-induced weight loss into heritability, maternal effects, foster effects and residual effects (Table 1). According to these models, the heritability of BM loss was estimated at 0.19±0.17. In addition, maternal effects attributed to 8±14% of the phenotypic variation, and foster effects were negligible (0.6±10%). Similar results were found for partitioning of variance in CR-induced FM loss, but a larger foster effect was found (Table 1, h2=0.18±0.18, m=0.04±0.15, f=0.07±0.12). 
Heritability of factors influencing diet-induced weight loss
Several factors have been shown to predict CR-induced weight loss (13), and heritabilities of these factors were also explored using mid-parent-offspring regressions (Table 2). 
	FI and physical activity were significantly correlated between parents and offspring with slopes of 0.45±0.17 and 0.74±0.17 respectively (Figure 3). Mid-parent-offspring regressions for initial BM, RMR, FM and body temperature were not significant (Table 2) and neither did regression for compensatory changes in activity and body temperature during CR exposure (Table 2). 
	Using animal models, heritability of FI was again estimated as 0.49±0.18 and maternal and foster effects were negligible (<0.01). The estimate of heritability for activity was slightly lower at 0.32±0.20, with a small maternal effect of 0.06±0.12 and no foster effect 0.01.	
Discussion
Individual variability in CR-induced weight loss has been observed in both human (8-10) and animal studies (11-13). Here we showed that a large part of the phenotypic variation in weight loss under 30% CR could be attributed to genetic factors and maternal effects during pregnancy. Narrow-sense heritability of BM loss in response to 30% CR was estimated at 0.43±0.12 and for FM loss at 0.24±0.10 using mid-parent–offspring regressions. Animal models were run subsequently to look at the partitioning of variance. Although the sample size was limited for this type of analysis, heritability estimates were similar to those obtained in the parent-offspring regressions, when taken into account that regressions confound maternal effects and additive genetic effects (i.e., additive genetic effects were estimated at 0.19±0.17 and 0.18±0.18, and maternal effects at 0.08±0.14 and 0.04±0.15 for BM loss and FM loss respectively). Overall, the weight of the evidence is in support of our main conclusion that a large part of the variability in CR-induced weight loss can be attributed to genetic factors and maternal effects during pregnancy. Comparable heritability estimates (0.50-0.60) for CR-induced BM loss have been found by comparing various inbred strains of mice (12). Human monozygotic twin studies also indicate a strong genetic component to CR-induced weight loss (15,16); i.e., variability in changes in BM and FM in response to a low-calorie diet was 12.8 times greater  between twins than within twins.
	Many studies have suggested an important role of early development in priming susceptibility of individuals to weight gain (the ‘thrifty phenotype’ hypothesis: (22,23)). In humans, low-birth weight has been associated with a high percentage of body fat, a high risk of obesity and metabolic syndrome in adulthood (24). In addition, rodent studies have indicated an important role of early nutrition on the vulnerability to diet-induced obesity in adulthood (22). A study in C57BL/6J mice found that litter size in pregnancy and birth weight were not correlated to FM or fat free mass (FFM) in adulthood, but post-weaning weight and growth post-weaning – which are both affected by litter size during lactation – were. This indicated that the period of lactation was potentially more important than the period of pregnancy for subsequent predisposition to weight gain on a HFD in this inbred strain. The importance of early development on responses to CR, have been less well studied. In our study, no relationship between weight loss in the foster mother and her fostered offspring was observed and partitioning of variance indicated a negligible foster effect. These results indicate that non-genetic maternal effects during lactation did not play an important role in determining responses of offspring to CR later in life. Programming of responses to situations where food is scarce vs. where food is abundant may thus occur at different times during development.
Interestingly, we also found no significant relationship between weight loss in fathers and offspring, where there was a strong relationship between mothers and offspring. This may imply that maternal genetic effects are more important than paternal genetic effects in determining heritability of CR-induced weight loss, or that non-genetic maternal effects during pregnancy are important. Indeed, partitioning of variance using maximum likelihood models showed that part of the phenotypic variation was explained by maternal effects during pregnancy. Studies on HFD-induced weight gain in intercrosses of obesity-resistant 6C2d congenic strains with C57BL/6J strains showed that obesity resistance was passed on via the paternal lineage rather than the maternal lineage, and was transmitted through the male germline rather than through social interactions (25). This contrasts with the results in our study that showed negligible effects of the paternal germline on CR-induced weight loss. Although, the strains studied differ, this again implies that diet-induced weight gain and diet-induced weight loss are controlled by distinct mechanisms. More in line with our results, parent-offspring regressions of the components of the metabolic syndrome, (e.g., abdominal obesity, elevated blood pressure, hypertriglyceridemia) revealed a positive association between mothers and daughters, but not fathers and daughters (26). Significant associations with maternal metabolic syndrome remained after correcting for socio-demographic characteristics, indicating this effect could be partly attributed to maternal/environmental effects during pregnancy (26). In line with this, we showed that BM loss in sons and daughters had a similar relationship to BM loss in their mothers, and neither showed a relationship to BM loss in their fathers indicating an important role for maternal/environmental effects during pregnancy. 
	We have previously shown that a large part of the variation in CR-induced weight loss in MF1 mice can be predicted by variation in several physiological and behavioural factors (13). Approximately 50% of the variation in BM and FM loss in response to CR could be predicted by sex, and pre-existing differences in ad libitum FI, physical activity and RMR. Heritabilities of these factors were also explored in the current study. Mid-parent-offspring regressions showed that variation in both FI and activity, but not RMR, was significantly explained by genetic factors, with a heritability around 0.50. Partitioning of the phenotypic variance in FI and activity showed additive genetic effects to be the most important with only minor maternal effects (for activity only) and no foster effects. These results indicate that phenotypic variation in FI and activity is heritable, and combined with previous studies (13) points to an important role for both in mediating responses of individuals to CR. In contrast, the weight loss response of different mouse strains was not explained by strain differences in absolute FI or gross motor activity (12), although relatively small sample sizes were used for these comparisons. 
Several selection models involving artificial selection for increased FI or physical activity have been developed (27-30). To our knowledge no studies comparing CR-induced weight loss in these strains of mice have been reported. A study investigating responses in weight loss to exercise has been performed in an intercross line between mice selectively-bred for high wheel running activity (HR mice) and C57BL/6J mice, and this showed that the magnitude of changes in BM and FM, was dependent on exercise distance, duration and intensity and that these effects are contingent on the level of FM prior to the initiation of exercise (31). High fat diet-induced weight gain has also been studied, and it was shown that male HR mice that have a higher FI and activity compared to controls, show a similar weight gain in response to high fat (60% kcal fat) feeding (32,33), indicating that susceptibility to weight gain versus weight loss may be differentially regulated (see also (34,35). This is in agreement to results from human monozygotic twin studies showing that mechanisms affecting similarities between twins in responses to CR appear to be largely independent of those influencing baseline variables (15,16); i.e., how an obese person loses weight under restriction appears to be largely independent of how the obesity developed in the first place.
In conclusion, responses in weight loss to CR are inherited through the maternal lineage by genetic effects or non-genetic maternal effects that occur during pregnancy, but not lactation. These results contrast to findings relating to high fat diet-induced weight gain and indicate that distinct mechanisms control weight gain and weight loss. Although, it is obviously important to disentangle the mechanisms that have caused the rise in obesity (i.e., weight gain) to tackle the obesity epidemic, a shift in focus towards studying factors that limit weight loss is crucial to reduce obesity in an already obese population. 
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Mid-parent to offspring regressions for caloric restriction induced body mass loss (A) and fat mass loss (B). Linear regressions were performed as indicated by the trend line. Regression equation, R2 and p-values are shown in the graph. 

Figure 2
Parent to offspring regressions for caloric restriction induced body mass loss. A: Mother - biological offspring regression, B: Father - biological offspring regression, C: mother - fostered offspring regression, D: foster mother - offspring regression.  Linear regressions were performed as indicated by the trend line. Regression equation, R2 and p-values are shown in the graph.

Figure 3
Mid-parent to offspring regressions for FI (A) and physical activity (B). Linear regressions were performed as indicated by the trend line. Regression equation, R2 and p-values are shown in the graph.
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